Introduction
The application of Parylene C in medical implants is well established since decades [1] [2] [3] . However, its use as a substrate material for flexible, electrically active implants as neural interfaces is still limited. This limitation is primarily caused by the deficient adhesion of Parylene C on those metals, which are of interest in implant manufacturing, i.e. noble metals and stainless steel. The common method to increase adhesion is the application of the fluid adhesion promoter silane (methacryloxypropyl trimethoxysilane). The fluid, evaporated in the Parylene coater before deposition, remains as a monolayer, which has the ability to bond on oxides on the one end of its molecular chain and to Parylene on the other side, thus establishes a strong chemical linkage. Unfortunately, this requires an oxidized metal surface, which is inexistent on noble metals. It was shown, that an extreme increase of the stability of Parylene C -platinum -Parylene C structures can be achieved by annealing them at 300°C for three hours in nitrogen atmosphere [4] . All sterilization methods aim on the removal of all viable germs on the product. Therefore, they need to be aggressive and clean the product and/or kill the germs chemically or physically, most methods use a combination of both. Consequently, for each material and device the appropriate sterilization method must be chosen carefully and the impact on the device must be evaluated. Polymers in general are prone to oxidation, chain scission, crosslinking [5] , discoloring, and dissolving [6] . Additional to unintentional changes in the mechanical properties, the sterilization processes can also lead to the generation of toxic substances [7] , impairment of electrical stability and destabilization of assemblies.
Methods
Two independent experiments examined the influences of sterilizations on Parylene C: Monolithic samples were produced to investigate the chemical structure of sterilized Parylene C by means of FT-IR and XPS, and to conduct tensile tests. Sandwich-like samples were produced to electrically monitor the insulation capabilities. 2 ) were used for tensile tests, larger rectangles (10 x 14 mm 2 ) for XRD and FT-IR analyses. After RIE, the Parylene pieces were released from the wafer in the acetone used to strip the resist. Thoroughgoing rinsing in IPA and DI water finished the process. Fabrication of Parylene/platinum multilayer samples: Again, 4-inch silicon wafers were coated with Parylene C, here 10 g DPX-C were applied to get an approx. 10 µm thick layer. The metal interdigital electrode structures were realized by sputtering 300 nm platinum and patterned with a lift-off process. For the second Parylene layer, silane A-174 (Merck KGaA, Darmstadt, Germany) was applied in the deposition chamber and vaporized during pumping vacuum prior to the actual deposition. All other parameters were identical. The RIE step to singularize the samples was conducted as a two phase process: 10 min at 150 W to etch the upper Parylene and ~35 min at 100 W for the bottom to save the platinum at the contacts from also being etched. Release was similar to the single layer samples. All samples, single and multi-layer, were annealed at 300°C for three hours in nitrogen atmosphere in a PEO 601 enameling furnace (ATV Technologie GmbH, Vaterstetten, Germany). Resistance measurements: The flexible sandwich-like structures were stored inside 37°C warm saline solution. The resistance was measured with a Keithley 6517A (Keithley Instruments, Inc., Cleveland, Ohio, USA) electrometer. Impedance spectra were recorded by a Solartron frequency response analyzer (type 1260 Gain/Impedance Analyzer, Solartron Analytical, Hampshire, UK) and the capacity was extracted.
Sterilizations: For all sterilizations, the samples were double packed in sealed sterilization bags after cleaning in ethanol. For each method, six specimens were examined. Steam sterilization was realized with a Mammooth B23 Superior autoclave (Mammooth, Bibbiano, Italy). The protocol consists of half an hour of flushing the chamber at temperatures around 100°C and 35 min sterilization at 135°C and 2.06 bar relative pressure. The sterilization step was followed by a 25 min drying step at temperatures around 100°C and a relative pressure around -0.7 bars. Ethylene oxide (EO) sterilization was done by Osypka AG (Osypka AG, Rheinfelden, Germany). The chamber used was a DMB Sterivit (DMB-Apparatebau GmbH, Wörrstadt, Germany). The complete sterilization procedure was executed three times to increase the probability to detect an influence. Gamma sterilization was conducted at the Center for Sensory-Motor Interaction, Department of Health Science and Technology of the Aalborg University by the workgroup of Dr. Winnie Jensen in Aalborg, Denmark, employing a Gammacell 2000 sterilizer (Mølsgaard medical, Risø, Denmark). An indicator inside the sterilization bags displayed that a dose of at least 25 Gy was applied.
Results
The analysis of the single layer samples revealed no changes in the FT-IR spectra after sterilizing. Thus, no chemical reaction took place. Crystallinity was slightly increased by sterilizations, as XRD analysis indicated. The mechanical properties Young's modulus, tensile strength, elongation at break showed no significant changes due to the treatments. However, the electrical stability of the sandwich structures was severely impaired by all three sterilization methods. Within less than 50 days, almost all sterilized specimens failed. The not sterilized control group was stable for more than one year. Steam sterilization had the worst effects. The resistances were unstable and dropped from 1 TΩ to values below 100 GΩ, capacities of all samples fell within 25 days in saline solution from the 50 pFrange to values around 5 pF. Also, massive changes were observed optically. The previously smooth surfaces exhibited different types of structures, distributed over the complete samples. Gamma sterilization: One of the resistances dropped after a few days in saline. The other four were constantly at high values. The capacity showed instability in four of six samples. One of the specimens was removed from the measurement setup because it was extremely impaired. Ethylene oxide sterilization: Two of six samples exhibited a drop in the DC resistance, while the rest was constantly high around 1 TΩ. Three of six samples showed a drop of capacity. The samples sterilized by other means but steam showed much less delamination. Only one of the gamma sterilized samples exhibited visible delamination after three weeks. Two of the ethylene oxide treated specimens exhibited clefts, originating from one center. One of the EO samples had corrugated metal paths.
Discussion
The sterilizations methods autoclaving, standard EO, and gamma sterilization had no impact on the mechanical properties and FT-IR spectra stayed unchanged. But steam sterilization effected the development of structures within the Parylene sheets and some EO sterilized samples exhibited clefts in the surface. Multilayer systems with embedded platinum tracks lost their electrical insulation capabilities, probably due to decreased adhesion. Regarding the electrical stability, EO sterilization had the less destructive effect.
